The Ca2 -dependent cytolytic activity of isolated T-lymphocyte granules was purified to apparent homogeneity by high-salt extraction, gel filtration, and ion-exchange chromatography. The lytic activity resided in a 72-to 75-kDa protein of cytolytic granules. Incubation of the isolated protein
Correction. In the article "Isolation and biochemical and functional characterization of perforin 1 from cytolytic T-cell granules" by Eckhard R. Podack, John Ding-E Young, and Zanvil A. Cohn, which appeared in number 24, December 1985, of Proc. Natl. Acad. Sci. USA (82, (8629) (8630) (8631) (8632) (8633) with erythrocytes in the presence of Ca2+ ions resulted in hemolysis and the formation of membrane lesions of 160 A in diameter, corresponding in size and morphology to membrane lesions formed on target cells by cloned, intact natural killer (NK) and cytolytic T lymphocytes. Hence, the 75-kDa granule protein is identified as monomeric perforin 1 (P1), postulated previously from the analysis of membrane lesions formed during NK and T-cell-mediated cytolysis. Pl-mediated hemolysis is Ca2+-dependent and is inhibited by Zn2' ions.
Lysis is accompanied by the polymerization of P1 to membraneassociated tubular complexes (poly-Pl) that form large transmembrane pores. P1 causes a rapid membrane depolarization of J774 cells in the presence of Ca2+. Purified P1 also induces transmembrane monovalent and divalent ion flow across lipid vesicles only in the presence of Ca2 . Whole-cell patch-clamp recordings of S49 lymphoma cells show a P1-dependent inward membrane current flow in the presence but not in the absence of Ca2'. The current increase can be dissected as a summation of discrete current events, indicative of formation of functional channels by polymerization of P1.
Target cell lysis, mediated by natural killer (NK) and cytotoxic T lymphocytes (CTL), is partially caused by the assembly of tubular transmembrane complexes on target membranes, designated polyperforin 1 (poly-P1) and 2 (poly-P2) (1) (2) (3) (4) (5) (6) . It has been postulated that the monomeric precursors of polyperforins are contained in the cytoplasmic granules of cloned NK and CTL (2, 3, 5) . This view was supported by the demonstration that isolated granules from cloned CTL and froni a NK-like tumor line mediated Ca2+-dependent cytolysis, assemble poly-P1 and poly-P2 on target membranes, and cause Ca2+-dependent conductance increase across planar bilayer membranes (4) (5) (6) (7) (8) .
Isolated T-lymphocyte granules contain a number of protein bands identifiable by NaDodSO4/polyacrylamide gel electrophoresis (for review, see ref. 9). Here, we report on the purification and functional characterization of the monomeric granule protein responsible for the formation of the 160-A-wide polyperforin complex. 20 ,000 rpm in the Sorvall centrifuge. The clear supernatant was harvested and the pellet was discarded. The supernatant was applied directly to a 2.5 x 90 cm column containing Sephacryl S-300 (Pharmacia) equilibrated with 0.1 M NaKHPO4, pH 7.4/0.5 M NaCl/1 mM benzamidine HCl/1 mM EDTA/3 mM NaN3. The sample was eluted at a flow rate of 25 ml/hr and 15-min fractions were collected. The fractions were assayed for protein and hemolytic activities. Hemolytically active fractions were pooled and dialyzed against 10 mM NaKHPO4 buffer, pH 7.4/1 mM EDTA/3 mM NaN3.
MATERIALS AND METHODS
The dialyzed pool was applied to the Mono Q column ofthe fast protein liquid chromatography system by using the 50-ml superloop (Pharmacia). The superloop and the Mono Q column were kept in ice. The flow rate was 1 ml/min and, after sample application, the chromatogram was developed with an automatic gradient programer by using buffers A (10 mM NaKHPO4, pH 7.4/1 mM EDTA/3 mM NaN3) and B (same as buffer A with 2 M NaCl) and the following parameters: equilibration done with buffer A; after sample application, column washing with buffer A for 5 min; linear gradient for 35 min to final 50% A:50% B, followed by buffer B for 5 min. The column effluent was monitored by a flow cell at 280 nm and collected in 1-ml fractions on ice. The hemolytic activity of each fraction was determined.
Hemolytic Assay for P1. Sheep erythrocytes, washed and resuspended to 2-4 x 109 per ml in 0.1-ml aliquots with 0.15 M NaCl/10 mM Tris HCl, pH 7.2 (Tris/NaCl buffer), containing 5 mM CaC12, were incubated with 2-to 20-,ul column fractions for 20 min at 37°C. Lysis was determined by dilution of samples to 2 ml with Tris/NaCl, followed by centrifugation and spectrophotometric quantitation of hemoglobin release Abbreviations: AP, membrane potential(s); P1, perforin 1; Ph4P', tetraphenylphosphonium+; NK, natural killer; CTL, cytoxic T lymphocyte(s).
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in the supernatant at 541 nm. Z units of hemolysis are defined as in ref. 5 .
Metal Dependence of P1. Sheep erythrocytes were washed in Tris/NaCi, to which CaCl2 was added to the desired concentration. P1 was then added to the cell suspension, followed by incubation as above. Inhibition by ZnCl2 was determined in the presence of 0.5 mM CaCl2 in a similar manner.
Membrane Potential (Al) Measurements. The At of J774 macrophages was assayed by the uptake of [3H]tetraphenylphosphonium ion ([3H]Ph4P+) as described (10) (11) (12) , with the following modifications. Cells were plated overnight on coverslips (4 x 104 per ml, 1 ml per coverslip) in culture medium (DMEM/5% fetal bovine serum) prior to washing three times with low-K+ buffer (118mM NaCl/5mM KCl/1.3 mM CaCl2/0.8mM MgSO4/5.5mM glucose/20mM Hepes/9 mM Na2CO3, pH 7.4) and incubation with 20,uM [3H]Ph4P+ for 30 min at 37°C. P1 was then incubated with the cells at 37°C for the indicated periods, at which time the medium was aspirated and coverslips were washed rapidly by dipping four times into separate beakers containing ice-cold phosphatebuffered saline (P1/NaCl) and 1 mg of bovine serum albumin per ml. Cells were then lysed in 0.5 ml of 0.05% Triton X-100 in H20 and 0.25-ml aliquots were used for radioactivity determinations (12) . The Hepes buffer (10 mM, pH 7.0, adjusted with Tris base) containing 0.05 M sodium isethionate, and 0.165 M sucrose (buffer C) was sonicated to clarity. Vesicles were formed by a one-step dilution with buffer C (1:100). Vesicles formed this way were collected by centrifugation at 100,000 x g for 90 min and resuspended to 10 mg/ml. The uptake of [3H]Ph4P+ into lipid vesicles was quantitated by filtration (13) . Briefly, the reaction was initiated by diluting 0.1 ml of lipid vesicles into 0.9 ml of buffer D (0.25 M sucrose/10 mM Hepes, pH 7.0) containing 50 ,M [3H]Ph4P+ with P1(700 ng/ml) or control column buffer. At intervals, aliquots of the reaction mixture were filtered and washed, and radioactivity remaining on the filter was determined (13) .
Patch-Clamp Recording. S49.1 T cells, maintained in culture as described (14) , were washed and resuspended into low-K+ buffer, with or without Ca2 . Whole-cell recordings from these cells were obtained essentially as described (15 GQ1) formed spontaneously on touching the cell surface with the pipette; whole-cell recording was obtained by application of strong negative pressure through the pipette. Currents were low-pass-filtered at 2 kHz and recorded on floppy disks in a 4094-2 Nicolet digital oscilloscope at sampling rates of 0.1-2 ms per point and simultaneously registered on a Gould 2200 S dual-pen recorder. Data were analyzed directly by using a software package available from Nicolet or transferred to a IBM PC for further analysis. Reagents were introduced into the cell medium by means of another micropipette (tip diameter, 4 um) fitted onto a syringe, at 100 um from cell.
Other Assays. Protein determination (16), NaDod-S04/polyacrylamide gel electrophoresis (17) , and electron microscopy were done as described (2) . addition, caused precipitation of Percoll, allowing its removal by centrifugation at 20,000 rpm. The soluble supernatant containing the cytolytic activity was then fractionated by gel filtration on Sephacryl S-300 (Fig. 1) . Three major protein peaks eluted from the gel filtration column. Cytolytic activity was found in the trailing end of the center peak, eluting with an apparent molecular mass of 70-80 kDa. The active fractions were combined and, after dialysis, subjected to ion-exchange chromatography on Mono Q by using the fast protein liquid chromatography system. Fig. 2 shows the elution profile of protein and hemolytic activity from this column. Activity elutes in a single symmetrical peak containing only trace amounts of protein. Analysis of the pooled material by NaDodSO4/polyacrylamide slab gel electrophoresis is shown in the Fig. 2 Inset in comparison to marker proteins. The active fractions contain a single protein band migrating with an apparent molecular mass of 75 kDa under reducing conditions (Fig. 2 Inset) and 58 kDA under nonreducing conditions (not shown). The mobility of this protein on NaDodSO4 gels corresponds to the K1 band of isolated granules (5). Hemolysis Induced by Purified P1. Hemolysis mediated by P1 shows a sigmoidal dose-response curve similar to that observed with intact granules (Fig. 3A) . The nonlinear dose-response at low input of granules of perforin is consistent with the putative polymerization of P1 during the cytolytic reaction. P1 and granules are absolutely dependent on Ca2" ions for lytic activity (Fig. 3B ). Both isolated P1 and granules are inhibited by micromolar concentrations of Zn2+ (Fig. 4A ) and by preincubation with Ca2+ (Fig. 4B) . P1, in contrast to granules, is labile to incubation at 370C in the absence of bivalent metal ions.
Formation of Structural Membrane Lesions by P1. Isolation of erythrocyte membranes subsequent to lysis by P1 and analysis by negative staining electron microscopy is shown in Fig. 5 . Membrane lesions of -160 A in diameter (Fig. 5) are formed that show the typical morphology of poly-Pl. In addition to fully assembled ring structures, incompletely assembled tubules appearing as unclosed rings are also found (Fig. 5) . These structures are incompletely assembled polymers of P1, which are also detectable when intact cells or granules lyse target cells. No structures corresponding to poly-P2 were found when cells were lysed with purified P1, indicating that poly-P2 complexes are assembled from different precursor molecules. (10) (11) (12) . The resting AT ofplated macrophages averaged -70 mV, which was considerably higher than that obtained for cells in suspension (10) (11) (12) .
Exposure of cells to P1 in the presence of Ca2" resulted in a membrane depolarization, which showed only partial recovery after 45 min of incubation (Fig. 6) . Membrane depolarization was not observed in Ca2"-depleted medium but was induced with subsequent addition of 0.5 mM Ca2" (Fig. 6 ).
P1 also produced remarkable ion permeability changes in lipid vesicles (Fig. 7 ). An ion gradient was introduced across the membrane by diluting vesicles equilibrated with 50 mM FiG. 5 . Ultrastructural comparison of poly-Pl complexes assembled by intact CTLL2 (Left), by cytolytic granules isolated from CTLL2 (Center), and by purified P1 (Right) in the presence of CaCl2. Lysed membranes were washed, incubated with L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin (100 g/mIl) overnight at 22°C, washed again, and then mounted for electron microscopy by negative staining with uranyl formate (2%). Tris/NaCl was diluted 1:100 into cell medium. Cells washed and incubated in Ca2+-free low-K+ buffer (A) were treated with 2 ug of P1 per ml at time 0, followed by addition of CaCl2 to a final concentration of 0.5 mM (arrow (Fig. 7) . However, the vesicle At was dissipated after a few minutes (Fig. 7) , indicating that P1-treated vesicles were also made leaky to isothionate, albeit at a slower rate. Experiments with other electrolytes showed that in the presence of P1, lipid membranes became permeable to Ca2+, Mg2+, EGTA2-, and Tris-(not shown).
Pi-treated-vesicles also became permeable to Lucifer yellow (molecular weight, 457) and sucrose (molecular weight, 342) (not shown). In all instances, the effect of P1 on transmembrane ion flow was absolutely Ca2+-dependent (Fig. 7) . Patch-Clamp Recording. Whole-cell recording of S49-1 cells revealed resting At of -55 ± 6 mV (31 cells), which were measured as the current-free steady-state potentials. Resting At was largely dependent on the day ofculture. Only cells at a density of 2 x 104 in culture were used for determination of resting At. Very low leakage currents were observed at voltages around the resting potentials; the input resistance was often >10 Gfl. Following application of P1 (0.5 ug/ml), current increased in the inward direction, which occurred in a progressive manner, without any decay, resulting frequently in loss of the seal (Fig. 8A) (Fig. 8B) , indicative of incorporation of single P1 channels into the cell membrane. The current effect produced by P1 was dependent on the presence of Ca2W (Fig. 8C) . Single-channel recordings and kinetic analysis of channel openings were similarly obtained with membrane patches; results of these experiments will be described elsewhere. Single-channel fluctuations were rarely seen at resting potential levels (-55 mV); they became more frequent only at transmembrane potentials of >100 mV (not shown).
DISCUSSION
This communication describes the isolation and characterization of a cytolytic protein from a murine, cytolytic Tlymphocyte clone. According to its putative function, this protein was named P1 (3) because it was thought to perforate membranes during polymerization on target cell surfaces. Evidence presented in Figs. 4 and 5 demonstrates that P1, in fact, produces structural and functional lesions consistent with this hypothesis. P1 is a 72-to 75-kDa protein that undergoes rapid Ca2+-dependent polymerization and forms a tubular complex that functions as a large and voltageindependent transmembrane channel when inserted into membranes.
The activity of isolated P1 resembles closely the functional activity of cytolytic granules (see Figs. 3 and 4 [6] [7] [8] . The increase in transmembrane ionic current represents the functional counterpart of structural membrane ring-like lesions by P1. As measured by whole-cell patch-clamp recordings, P1 induces voltage-insensitive ion channels on target membranes (Fig. 8) . The (23, 24) , P1 polymerization is not dependent on additional proteins and requires only low concentrations of Ca2+ (Figs. 3 and 5) . This difference is important because C5b-8 directs C9 polymerization to the target cell, thus preventing indiscriminate C9 polymerization. In the case of P1, directionality is achieved by compartmentalization of the cytolytic T cell and segregation of P1 in the granules, which, after specific target conjugation, are released onto the target membrane. Despite these differences, C9 and P1 show remarkable biochemical, structural, and functional homology, suggesting that they have arisen from an ancestral cytolytic protein and became specialized in humoral or cell-mediated cytolytic functions.
